Environmental exposure to endocrine-disrupting chemicals (EDCs) is one cause of premature ovarian failure (POF). Hexavalent chromium (CrVI) is a heavy metal EDC widely used in more than 50 industries, including chrome plating, welding, wood processing, and tanneries. Recent data from U.S. Environmental Protection Agency indicate increased levels of Cr in drinking water from several American cities, which potentially predispose residents to various health problems. Recently, we demonstrated that gestational exposure to CrVI caused POF in F1 offspring. The current study was performed to identify the molecular mechanism behind CrVI-induced POF. Pregnant rats were treated with 25 ppm of potassium dichromate from Gestational Day (GD) 9.5 to GD 14.5 through drinking water, and the fetuses were exposed to CrVI through transplacental transfer. Ovaries were removed from the fetuses or pups on Embryonic Day (ED) 15.5, ED 17.5, Postnatal Day (PND) 1, PND 4, or PND 25, and various analyses were performed. Results showed that gestational exposure to CrVI: 1) increased germ cell/oocyte apoptosis and advanced germ cell nest (GCN) breakdown; 2) increased X-prolyl aminopeptidase (Xpnpep) 2, a POF marker in humans, during GCN breakdown; 3) decreased Xpnpep2 during postnatal follicle development; and 4) increased colocalization of Xpnpep2 with Col3 and Col4. We also found that Xpnpep2 inversely regulated the expression of Col1, Col3, and Col4 in all the developmental stages studied. Thus, CrVI advanced GCN breakdown and increased follicle atresia in F1 female progeny by targeting Xpnpep2. chromium, collagen, follicle atresia, follicle maturation, germ cell nest breakdown, oocyte, ovary, premature ovarian failure, primordial follicle, Xpnpep2
INTRODUCTION
Premature ovarian failure (POF) is a defect of ovarian follicle development and is characterized by primary or secondary amenorrhea, with elevated levels of serum gonadotropins, or by early menopause [1, 2] . The disorder has been attributed to various causes, including exposure to endocrinedisrupting chemicals (EDCs). Our recent report showed that gestational exposure to hexavalent chromium (CrVI) caused POF in first-generation (F1) female offspring [3] . POF affects approximately 1 in 10 000 women by the age of 20 yr, 1 in 1000 women by 30 yr, and 1 in 100 women by 40 yr [4] . In approximately 30% of patients with POF, this condition is caused by defined genetic alterations, including mutations in FoxL2, deletions within the X-chromosome, and fragile X chromosome mutations [5, 6] . Identification of the etiological basis for POF in the remaining 70% of patients is a pressing clinical need because relatively few treatment options have been developed for these women [7] . Exposure to EDCs leads to a reduced initial primordial follicle pool [8, 9] and/or an accelerated decline in primordial follicle number [10, 11] . This will ultimately decrease the reproductive life span of affected females by reducing the primordial follicle pool below the critical threshold necessary to maintain ovarian activity.
Primordial follicles form during gestation in humans but after birth in rodents in a process that involves dissolution of germ cell syncytia, or germ cell nests (GCNs) , that form during germ cell mitosis [12] . The process of GCN breakdown involves migration of somatic/pregranulosa cells into the GCN and simultaneous disruption of the interoocyte bridges through apoptosis of individual oocytes [13] . The pregranulosa cells then surround the remaining oocytes to form primordial follicles that constitute the resting stock of gametes for the entire reproductive life span of mammalian females [12] . Thus, any alteration in this process might lead to a reduced primordial follicle pool size, resulting in POF.
Cytogenetic and molecular analyses of women with POF carrying a balanced X-autosome translocation allowed the identification of a ''critical region'' for ovarian development and function on the long arm of the X chromosome from Xq13.3 to Xq27. This region could be split into two functionally different portions: Xq13-21 and Xq23-27 [14, 15] . Breakpoints in the Xq13-21 region are responsible for balanced translocations, whereas breakpoints in the Xq23-27 region result in interstitial deletions. Heterochromatin rearrangements of the Xq13-21 region were reported to downregulate oocyte-expressed genes during oocyte and follicle maturation, indicating that X-linked POF may be an epigenetic disorder [16] . Translocations that affect X chromosome structure increase apoptosis of germ cells [17] , leading to POF. Direct disruption of relevant loci or a ''position effect'' caused by the rearrangements on contiguous genes can also result in POF. Transcriptional characterization of breakpoint regions in balanced translocations led to the identification of five genes interrupted by translocations (the Xpnpep2 gene in Xq25 [18] , the POF1B gene in Xq21.2 [19] , the DACH2 gene in Xq21.3 [19] , the CHM gene in Xq21.2 [20] , and the DIAPH2 gene in Xq22 [21] ) and classified as POF marker genes in humans. However, the mechanism by which translocations in the Xq critical region may cause POF is not clear. Prueitt et al. [18, 22] mapped POF-associated breakpoints, including Xpnpep2. However, the role of Xpnpep2 in female fertility is currently unknown.
The Xpnpep2 gene encodes the protein X-propyl aminopeptidase, which belongs to the family of ''pita bread'' metalloenzymes. It is expressed in prokaryotes and eukaryotes and hydrolyzes N-terminal Xaa-Pro bonds, where proline is the penultimate residue. Mammals have both a membrane-bound and a soluble Xpnpep2, with different tissue distributions [23] . The membrane-bound Xpnpep2 is a heavily glycosylated glycosylphosphatidylinositol-anchored protein of 673 amino acids encoded by the Xpnpep2 gene on human Xq25 [24] . Several biologically active polypeptides, including collagens (Cols), hormones, growth factors, and cytokines, contain Nterminal Xaa-Pro sequences and therefore are potential substrates for Xpnpep2. Because Cols contain a high proportion of such ''triplets,'' Xpnpep2 has the potential for intracellular (lysosomal) degradation of Col fibrils [25] [26] [27] . In fact, proline and hydroxyproline constitute 20%-25% of the residues in Cols [26] , and none of the lysosomal proteinases is capable of cleaving these linkages [27] .
Within the ovary and follicle, the extracellular matrix (ECM), including Cols, provides structural support, organizes and connects cells, serves as a reservoir for signaling molecules and growth factors that regulate follicle growth, provides a filtration barrier, and guides cell migration [28, 29] . The ECM also regulates establishment of the basement membrane, oocyte maturation, follicle atresia, steroidogenesis, and cell lineage [29] [30] [31] [32] . The ECM components of the basal membrane affect follicle development in the ovary and are important for maintaining the polarity and the degree of polarization of granulosa cells [33] [34] [35] . A recent study found that Col1 is spatially and temporally expressed in immature rat ovaries and is regulated by gonadotropins, suggesting a role for Col1 in morphogenesis of follicles as well as corpus luteum formation and regression [36] . Col1 is expressed in the basal lamina of follicles and participates in the organization of the basal lamina [37] . Another study using Esr2-null mice showed that Esr2 regulates Col gene expression in the ovary before puberty. Dysregulation of Esr2-mediated ECM gene expression in early postnatal life disrupts folliculogenesis and contributes to the impaired response of immature Esr2-null granulosa cells to follicle-stimulating hormone [38] .
Hexavalent chromium has been used in various industries, such as leather and textiles, metallurgical, chemical, and automotive [39] . Due to increased use and improper disposal of CrVI, its levels in the water, soil, and air continue to increase [40, 41] . Significant contamination with CrVI has been found in the drinking water sources of more than 30 U.S. cities [42] . Women working in dichromate manufacturing industries and tanneries and living around Cr-contaminated areas have high levels of Cr in blood and urine and encounter gynecological illness, abortion, postnatal hemorrhage, and birth complications [43] [44] [45] [46] . Welding fumes and metal dusts containing CrVI are known to be either teratogenic, carcinogenic, embryotoxic, or mutagenic [47] . Previous epidemiological studies have found an increased risk of spontaneous abortion among women employed by metal industries in Finland [48, 49] and chromate factories in China [50] . The presence of Cr in umbilical cord blood and placental tissue in these women directly correlates with an increased risk of abortion [48, 49] . In addition, occupational exposure to CrVI during pregnancy also decreased intrauterine growth of fetuses, resulting in low birth weight [50] . Exposure to heavy metals during pregnancy increases oxidative stress in the maternal and fetal compartments [51] , resulting in adverse pregnancy outcomes. However, while Cr is known to adversely affect reproductive health in women [48, 49] , the specific mechanisms of reproductive toxicity are not clearly understood.
Hexavalent chromium enhances oxidative stress in vivo and in vitro [52] [53] [54] . The reduction of CrVI into CrV induces DNA damage and mutations [55] . Genotoxic effects of Cr are predominantly represented by the formation of oxidative adducts and apurinic/apyrimidinic lesions, eventually resulting in DNA breaks [56] [57] [58] . Cr also exhibits epigenetic effects [59] . CrVI causes oxidative DNA damage and increases 8-oxo-7,8-dihydroguanine (8-oxoG) [60] . Kim et al. [61] demonstrated increased 8-oxoG in the aging mouse ovary. The increase of 8-oxoG in DNA results in a GC-to-TA transversion during DNA replication [62] [63] [64] [65] . Strikingly, many data demonstrate the role of CrVI in epigenetic modifications [59, [66] [67] [68] . Examples include decreased histone acetylation in human branchial epithelial cells [69] as well as increased DNA methylation in the promoter region of the DNA mismatch repair (MLH1) gene [70] and CDKN2A (P16) [71] in human lung cancers. Thus, CrVI exhibits both genotoxic effects and epigenetic modifications in human cancers. Interestingly, such mechanisms have not been reported in the ovary. Identifying such mechanisms can potentially help to fill the gap in knowledge regarding the role of CrVI in causing POF. Therefore, the main goal of the current investigation was to determine the effect of prenatal exposure to CrVI on the spatiotemporal expression pattern of Xpnpep2 and its substrates, Col1, Col3, and Col4, during fetal and postnatal development of the ovary.
MATERIALS AND METHODS

In Vivo Dosing of Animals and Experimental Design
Pregnant Sprague Dawley rats (age, 60-70 days) were divided into two groups: control (n ¼ 25) and CrVI (n ¼ 25). Control rats received regular drinking water and diet ad libitum. Rats from the CrVI group received 25 ppm of potassium dichromate in drinking water from Gestational Day (GD) 9.5 to GD 14.5. The first and second sets of control (n ¼ 5 per set) and CrVI (n ¼ 5 per set) rats were euthanized on GD 15.5 and GD 17.5, respectively. The third and fourth sets of control (n ¼ 5 per set) and CrVI (n ¼ 5 per set) rats were allowed to deliver pups (F1 pups). Ovaries from F1 pups were removed on Postnatal Day (PND) 1 and PND 4 for further analyses. The fifth set of F1 pups from control (n ¼ 5) and CrVI (n ¼ 5) rats were maintained in a separate cage with their respective mothers, weaned on PND 22, fed with regular drinking water and diet ad libitum, and euthanized on PND 25. Blood and the ovaries were collected from these pups for further analyses. Animal use protocols were approved by the Animal Care and Use Committee of Texas A&M University and were in accordance with the standards established by Guiding Principles in the Use of Animals in Toxicology and Guidelines for the Care and Use of Experimental Animals by National Institute of Health.
Histology
Histological processing of the ovary was performed by the Histology core lab facility, College of Veterinary Medicine & Biomedical Sciences, Texas A&M University, based on the standard protocols for paraffin-embedded sections that were cut at a thickness of 5 lm and stained with hematoxylin-andeosin (H&E).
TUNEL Assay
Paraffin-embedded tissue sections were deparaffinized and TUNEL assay performed as described elsewhere [3, 52, 53] . The apoptosis index was calculated as the average percentage of TUNEL-positive germ cells/oocytes from 20 ovaries at 4003 magnification. To avoid choosing the same follicle or oocyte, we used every 12th unstained section of the ovary from PND 1 and PND 4 and every 40th unstained section of the ovary from PND 25 as described BANU ET AL.
by Devine et al. [72] . Only oocyte-containing follicles were counted. For Embryonic Day (ED) 15.5 and ED 17.5, we used every 10th section. We employed this method to analyze ovarian sections for TUNEL, H&E, and immunohistochemistry (IHC) to avoid repeating the measurements on the same oocyte/follicle. Germ cells/oocytes from 20 to 35 fields were counted for ED 15.5, ED 17.5, PND 1, and PND 4, and those from 200 fields were counted for PND 25.
Immunohistochemistry
Sources of antibodies, catalog numbers, dilutions, host species, immunogens, and homologies with rat/mouse are given in Table 1 . Ovaries were fixed in 4% buffered paraformaldehyde for 1 h at 48C and processed using standard procedures as described elsewhere [3, 52] . The tissue sections were incubated with primary antibodies for Embp, Xpnpep2, Col1, Col3, and Col4 at specific concentrations (Table 1) . To determine the abundance of each protein, we included both healthy follicles and atretic follicles from the CrVI-exposed ovaries using blind and random selection criteria. Digital images were captured using a Zeiss Axioplan 2 Research Microscope (Carl Zeiss) with an Axiocam HR digital color camera. The intensity of staining for each protein was quantified using Image-ProPlus 6.3 image processing and analysis software according to the manufacturer's instructions (Media Cybernetics, Inc.). In brief, six images of the ovary at 4003 magnification were captured randomly without hot-spot bias in each tissue section per animal. Integrated optical density of immunostaining was quantified in the RGB mode. Numerical data were expressed as the least square mean 6 SEM. This technique is more quantitative than conventional blind scoring systems, and the validity of the quantification was reported previously by our group [73] .
Analysis of Oocyte Numbers
Oocyte numbers were determined by counting the number of germ cells positive for the germ cell marker, Vasa, found within each optical section used for analyzing GCN breakdown and follicle development. The numbers were averaged and reported as number of oocytes per ovary in percentage.
Whole-Mount Double Immunofluorescence Staining
Whole-mount double immunofluorescence staining was performed as described previously [3, 74] . In brief, the ovaries were fixed with 5.3% formaldehyde (catalog no. 18814; Polysciences) overnight at 48C. After several washings with PBS, they were labeled with primary antibodies overnight at 48C for both Vasa and the somatic cell marker, Gata4; Xpnpep2 and Col3; or Xpnpep2 and Col4 at the appropriate dilution ( Table 1 ). The ovaries were incubated with fluorophore-conjugated secondary antibodies for 4 h at room temperature and overlaid with a cover glass and mounting medium containing Prolong Gold Antifade Reagent (Life Technologies). Images were obtained on a Zeiss LSM 510 confocal microscope with a plan apochromat 633/1.4 NA oil objective. For the green dye, an argon laser set was used with an excitation of 488 nm and emission (collected with a band-pass filter) of 500-550 nm. For the red dye, a helium-neon laser was used with an excitation of 543 nm and emission (collected with a long-pass filter) of 560 nm. At least eight images were collected per treatment.
Analysis of GNC Breakdown and Follicle Development
For each ovary, two cores were visualized and counted. A core is a region 135 3 135 lm consisting of optical sections at four different depths in the ovary, each 15-20 lm apart. Thus, for each ovary, two cores were obtained consisting of four optical sections per core for a total of eight optical sections per ovary. The number of germ cells found in the cyst relative to the total number of oocytes was determined for each ovary by analyzing each section and was reported as the percentage of single oocytes. To determine whether oocytes were in cysts, a Z-stack of images, each 1 lm apart, for each of the four optical sections in a core was obtained, with five images above the section and five images below the section being analyzed. This allowed us to determine whether an oocyte was part of a GCN above or below the plane of focus [3, 74] .
Statistical Analysis
Effects of CrVI on various parameters in the ovary were analyzed and the results expressed as the mean 6 SEM. Student t-test was used to compare groups, and P-values of less than 0.05 were considered to be statistically significant. (Fig. 1, A-D) . On PND 1, control ovaries were filled with nests of healthy germ cells surrounded by invading somatic or pregranulosa cells, whereas CrVI treatment accelerated GCN breakdown and advanced primordial and primary follicle formation (Fig. 1, E  and F) . On PND 4, control ovaries were predominantly filled FIG. 1. Effects of prenatal exposure to CrVI on germ cell degradation and eosinophilic infiltration in the ovary. Pregnant mother rats (F0; n ¼ 5) received either regular drinking water (control) or CrVI (potassium dichromate, 25 ppm; n ¼ 10) in drinking water from GD 9.5 to GD 14.5. During this period, fetuses were exposed to CrVI via transplacental transfer. On ED 15.5 and ED 17.5, ovaries from the fetuses were removed. On PND 1 and PND 4, ovaries were removed from F1 female pups and processed for histology (H&E). The width of field for each image is 220 or 350 lm. Arrowheads indicate pyknotic nuclei. Representative images are shown for ED 15.5 (A and B), ED 17.5 (C and D), PND 1 (E and F), and PND 4 (G and H). E, eosinophils; PMF, primordial follicle; PF, primary follicle; ATF, atretic follicle; OC-oocyte; GC, granulosa cells.
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with healthy primordial and few primary follicles, whereas ovaries from the CrVI rats had several primary and few secondary follicles. Interestingly, CrVI decreased healthy primordial and primary follicles and increased follicle atresia in rats exposed to CrVI in utero (Figs. 1, G and H, and 2) .
Germ cell death is one of the major events that occur during GCN breakdown and follicle formation. Approximately onethird of the primordial follicles undergo atresia within a few days after birth [75] . In the current study, CrVI increased the number of TUNEL-positive germ cells on ED 15.5, ED 17.5, PND 1, PND 4, and PND 25 compared to control (Fig. 2) and increased eosinophilic infiltration on ED 15.5 and ED 17.5 (Fig. 3) . CrVI increased germ cell death. Several pyknotic nuclei were found within the GCN. (Figs. 4 and 5) . In particular, penetration of the somatic cells in between the germ cells was very obvious on ED 15.5 and ED 17.5 in CrVIexposed ovaries compared to control ovaries.
Effects of CrVI on GCN Breakdown
Effects of CrVI on GCN breakdown were determined by coimmunolocalization of the germ cell marker, Vasa, and the somatic cell marker, Gata4, in whole-mount ovaries. Control ovaries at ED 15.5 and ED 17.5 consisted of clusters of 10-29 intact and healthy germ cells within a GCN with no primordial follicles (Figs. 4 and 5). In CrVI rats, GCNs were broken down into smaller nests on ED 15.5 and ED 17.5
Spatiotemporal Expression of Xpnpep2 and Its Relationship to Col1, Col3, and Col4 Distribution During GCN Breakdown and Follicle Development
The Xpnpep2 gene is one of the marker genes for POF in women [18, 22] and is involved in the hydrolysis of Cols [27] . We recently showed that gestational exposure to CrVI induced POF in F1 rats [3] . To understand the role of Xpnpep2 in regulating the distribution of Cols during GCN breakdown and ovarian development, we determined the distribution of Xpnpep2, Col1, Col3, and Col4 in the ovaries on ED 15.5, ED 17.5, PND 1, PND 4, and PND 25.
On ED 15.5, the expression of Xpnpep2 was greater in the ovaries of CrVI-treated animals compared to control (Fig. 6 , A-C). In the control ovaries, Col1 was highly expressed, with the Col1 bundles thicker along the ovigerous cords surrounding the GCN, and minimally expressed inside the GCN and between the germ cells (Fig. 6, D-F) . CrVI significantly decreased the expression of Col1, and because the GCN had broken down to smaller nests, the penetration of Col1 within the nests and a few single oocytes was very obvious. In control ovaries on ED 15.5, Col3 and Col4 were distributed along the ovigerous cords (borders surrounding the GCN). CrVI downregulated the expression of Col1, Col3, and Col4 (Fig. 6, D-L) .
On ED 17.5, ovaries from both control and CrVI groups had high expression of Xpnpep2, although expression was significantly greater in the CrVI group (Fig. 7, A-C) . Col1 was expressed in both control and CrVI groups, whereas Col1 was significantly decreased in the CrVI group (Fig. 7, D-F) . In the control group, Col1 was distributed at the periphery of the GCN along the ovigerous cords. In the CrVI group, Col1 was distributed around the smaller and disrupted nests of germ cells, with an increased thickness of Col bundles. Col3 and Col4 expression was very low, being sporadic and homogeneous in both control and CrVI-exposed ovaries, with a slight increase in ovarian surface epithelium (OSE) in the control ovaries.
On PND 1, CrVI significantly decreased ovarian Xpnpep2 levels compared to control (Fig. 8, A-C) . Xpnpep2 was localized primarily within the oocytes compared to surrounding stroma and/or somatic cells. Accompanying the decreased Xpnpep2 levels in CrVI-treated animals, the expression of Col1, Col3, and Col4 was significantly increased compared to control animals (Fig. 8, D-L) . The elevated Col1, Col3, and Col4 levels were predominantly localized around follicular basal lamina (Fig. 8, E, H, and K) .
On PND 4, Xpnpep2 was highly expressed in the oocytes and moderately expressed in granulosa cells of control ovaries. In the CrVI group, Xpnpep2 was expressed only in the oocytes and at a very low level (Fig. 9, A-C) , and the expression of Col1, Col3, and Col4 was elevated compared to control. Col1, Col3, and Col4 were distributed in the follicular basal lamina, stroma, and interstitium in both the control and CrVI groups (Fig. 9, D-L) .
On PND 25, Xpnpep2 remained highly expressed in the oocytes and granulosa cells of control ovaries and barely detectable in CrVI-exposed ovaries (Fig. 10, A-C) . In the control ovaries, Col1 was highly expressed in the follicular basal lamina, stroma, and theca/interstitial cells and in the OSE (Fig. 10D ). In the CrVI-treated animals, Col1 expression was elevated in the granulosa cells, follicular fluid, follicular basal lamina, stroma, and interstitium (Fig. 10E) . In both the control and CrVI groups, Col3 and Col4 were expressed around the oocytes, within the granulosa cells, and around the antrum and follicular basal membrane (Fig. 10, G-L) ; however, CrVI upregulated Col3 and Col4 and increased their expression within the oocyte, follicular fluid, follicular basal lamina, and theca interstitium (Fig. 10, H and K) .
Xpnpep2 Is Colocalized with Col3 and Col4 in Fetal Ovaries
Data from the IHC showed a significant negative correlation between the expressions of Xpnpep2 and Col1, Col3, and Col4. To confirm the colocalization of Xpnpep2 and Cols, we performed whole-mount double immunofluorescence labeling of Xpnpep2 with Col3 and Col4 on ED 17.5. Xpnpep2 was colocalized with Col3 ( Fig. 11, A-F) and Col4 (Fig. 12 , A-F) in both control and CrVI groups around the germ cells, GCN, and along the ovigerous cords. However, CrVI significantly increased colocalization of Xpnpep2 with Col3 (Fig. 11G) and Col4 (Fig. 12G) .
DISCUSSION
Germ cell nest breakdown is a prerequisite for the development of primordial follicles [12] . Defects in either the timing or the process of GCN breakdown can result in improper primordial follicle assembly and/or accelerated atresia, resulting in POF or infertility. In most mammals, primordial follicles form either before or during the first few days after birth [76] [77] [78] . One-third of the primordial follicles undergo rapid atresia within a few days after birth. The number of primordial follicles that ultimately survive determines the lifetime follicle reserve [79] . Data indicate that CrVI induces germ cell death in the ovary and increased eosinophilic infiltration. Secretory proteins of eosinophils, such as the major basic and cationic proteins, can disrupt cellular membranes and cause degradation of messenger RNA [80] . Eosinophil peroxidase has been shown to augment the ability of macrophages to phagocytize tumor cells [81] . We suggested that increased eosinophils in CrVI-exposed ovaries may facilitate the resorption of apoptotic and/or degenerating germ cells.
The ECM provides structural support to the follicle, maintains cellular organization and connectivity, and provides biochemical signals that promote follicle development and maturation [30] . However, the specific role of ECM in GCN breakdown or early development of the follicles is unknown. Xpnpep2 is one of the marker genes for POF [18] , and it hydrolyzes Cols [27] . The current study shows, to our knowledge for the first time, that Xpnpep2 is involved in GCN breakdown under normal physiological conditions and that CrVI advances and accelerates GCN breakdown by up-regulating Xpnpep2 and decreasing the distribution of Col1, Col3, and Col4 in the fetal ovary on ED 15.5 and ED 17.5. A negative correlation between the abundance of Cols and Xpnpep2 during ED 15.5 and ED 17.5 suggested that Xpnpep2 may be a direct regulator of Cols during GCN breakdown. To confirm this, we colocalized Xpnpep2 with Col3 and Col4 in the ovarian whole mounts. In both control and CrVI-exposed ovaries, Xpnpep2 was colocalized with Col3 and Col4 along the ovigerous cords, within the GCN, and around the germ cells. CrVI advanced GCN breakdown and increased the penetration of somatic cells within the GCN on ED 15.5. Furthermore, in the control group, GCN breakdown began on ED 17.5 while, at the same time point, GCN breakdown had already reached a maximum in the CrVI group. In both control and CrVI groups, Xpnpep2 colocalization with Col3 and Col4 was stronger on ED 17.5. This suggests that whether under normal physiological conditions or CrVI exposure, Xpnpep2 may regulate hydrolysis of Cols to facilitate GCN breakdown and that CrVI advanced GCN breakdown by up-regulation of Xpnpep2.
We hypothesized that Xpnpep2 may also play critical roles in various stages of follicle development beyond GCN breakdown-namely, during postnatal ovarian development. Therefore, we monitored expression of Xpnpep2 protein in the ovaries of rats at PND 1, PND 4, and PND 25 under normal physiological conditions and following gestational exposure to CrVI. Interestingly, we observed a spatiotemporal pattern of Xpnpep2 expression during primordial follicle assembly and primary follicle transition. In control ovaries, Xpnpep2 expression was elevated from ED 17.5 to PND 1, a peak window for GCN breakdown. Its expression declined on PND 4 and PND 25. Interestingly, on PND 4 and PND 25, Xpnpep2 was predominantly expressed in the oocytes. On the other hand, unlike in the fetal ovaries, CrVI down-regulated Xpnpep2 on PND 1, PND 4, and PND 25, when an increase in follicle atresia was found compared to control. Xpnpep2 is expressed in the ovary during development, and it may function to regulate paracrine signaling [18] . In the CrVI group, a corresponding increase was found in Col1, Col3, and Col4 in the PND 1, PND 4, and PND 25 ovaries, as opposed to the expression of Xpnpep2. These observations suggest that increased Cols may have altered the histoarchitecture of the ovary and microenvironment of the follicles, thus preventing intercellular communication and/or paracrine signaling and thereby follicle growth. Primordial follicle assembly takes Cr TARGETS Xpnpep2 TO DISRUPT FOLLICLE DEVELOPMENT place in rodents during the early postnatal period. This involves migration of somatic (pregranulosa) cells to surround oocytes. Interestingly, CrVI down-regulated Xpnpep2 during the postnatal period (PNDs 1-4) . Inhibition of the hydrolysis of Cols resulted in the accumulation of Cols in the intra-and interfollicular compartments, which may have contributed to the increased atresia of follicles in the CrVI-exposed ovaries. Further investigation is needed to explore and confirm the precise role of Xpnpep2 in various cell signaling pathways that control GCN breakdown, follicle development, and POF. 
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Numerous studies have indicated the uniqueness of the intrinsic properties of ECM in different niches and tissue-level compartments that can impact cell polarization, proliferation, growth and differentiation, cell survival, and programmed cell death [82] [83] [84] [85] , including the process of follicle development. In addition to providing a rigid or elastic mechanical support for follicles, nutrients and hormones and other extracellular signals often must traverse the matrix to reach granulosa cells. The follicular basal lamina, which typically forms a continuous layer and associates with granulosa cells in the ovaries, is highly enriched in Col4 [28, 86] . Col1 and Col3 (fibrillar and interstitial) are predominantly in connective tissues, whereas Col4 (network) is exclusively present in the basal lamina [28, 29] . Thus, we also examined the changes in localization and expression levels and pattern of interstitial Col1 and Col3 and basal lamina Col4 during GCN breakdown and early follicle development along with the effects of CrVI on the expression pattern of these Cols. During follicle development, the follicular basal lamina becomes less Col and more laminin rich, providing an expandable basal lamina that is required for follicle development [87] . Both control and CrVI groups had lower levels of Col3 and Col4 on ED 17.5, a time point when GCN breakdown commenced in the control group and reached a peak in the CrVI group. It is suggested that degradation or hydrolysis of Col3 and Col4 may facilitate GCN breakdown. Interestingly, on PND 1 and PND 4, CrVI up-regulated both Col3 and Col4, whereas Col3 and Col4 were barely detectable in controls. Many ECM proteins have binding sites for growth factors. The ECM also sequesters and provides a repository for cytokines, enzymes, and growth factors [88] . Degradation of ECM components liberates these active molecules. CrVI increased folding of the basal lamina and accumulation of Col in the follicular compartment. It is possible that increased accumulation of Col may have inhibited the distribution of active growth factors required for follicle development and survival.
Taken together, the current results suggest that 1) Xpnpep2 may play a critical role during GCN breakdown and primordial follicle assembly by regulating the distribution of Cols during normal development of the ovary, 2) CrVI up-regulates Xpnpep2 and decreases Col distribution in a spatiotemporal pattern during GCN breakdown, 3) CrVI down-regulates Xpnpep2 and up-regulates Col during primordial follicle assembly, and 4) CrVI induces decreased expression of Xpnpep2 and increased accumulation of Cols that eventually leads to an increase in follicle atresia. These novel findings suggest, to our knowledge for the first time, that disruption of the Xpnpep2 gene in women with POF may result in abnormal accumulation of Cols, follicle atresia, and early reproductive senescence or infertility. Xpnpep2 could also be a target for heavy metal EDCs that impact follicle development by altering the ratio of Cols.
FIG. 12.
Effects of prenatal exposure to CrVI on colocalization of Xpnpep2 and Col4 proteins in the ED 17.5 ovaries. On ED 17.5, ovaries from fetuses were processed for whole-mount double immunofluorescence assay. Colocalization of Xpnpep2 and Col4 proteins was evaluated by confocal microscopy. CrVI significantly increased colocalization of Xpnpep2 and Col4 proteins compared to control (overlay; E and F). The width of field for images was 115 lm. Arrowheads indicate localization of Xpnpep2 (A and B), localization of Col4 (C and D), and colocalization of Xpnpep2 and Col4 (E and F) in a GCN. Histogram of colocalization coefficient (G) and negative control (H) are shown. *P , 0.05, control vs. CrVI.
